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EYE-SOLATING CORNEAL INNERVATION PROFILES TO EXAMINE 
EPITHELIAL WOUND HEALING IN A MODEL OF TYPE II DIABETES 
JENNA MEYER 
ABSTRACT 
 
The cornea forms the anterior-most barrier of the eye, consisting of a non-
keratinized pseudostratified squamous epithelium, a collagen-based stroma, and an 
endothelium. It is completely avascular, yet the most densely innervated structure in the 
human body. The sensory nerves project from the ophthalmic branch of the trigeminal 
cranial nerve into the limbal/stromal interface. From there, the nerves branch and ascend 
into Bowman’s membrane, a basal lamina delineating the epithelium from the stroma, 
and project into the epithelium as free nerve endings. Injury to the corneal epithelium can 
potentially lead to impaired vision if the wound healing process is not properly initiated. 
Immediately after injury, nucleotides such as ATP are released and bind to purinergic 
receptors known to be located in epithelial cell membranes, thereby initiating epithelial 
cell migration to close the wound. Malfunctions in the interactions between the corneal 
nerves and their epithelial counterparts during the wound healing process are thought to 
contribute to the attenuated wound healing characteristic of diabetes. However, the 
precise nature of these interactions, how they facilitate wound healing, and how they are 
impaired in diabetes, is not well understood. 
Previously, our lab has shown that a member of purinergic family receptors 
(P2X7) is localized in the basal epithelial cells and becomes relocated to the leading edge 
of the wound after injury. When the relocation is inhibited, migration is attenuated. 
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Additionally, it is known that diabetic mouse models display slower wound healing rates. 
The present study has three aims: (1) to replicate the characteristic sub-basal whorl 
organization of the corneal nerves in organ-cultured corneas; (2) to elucidate the 
connections between patterns of corneal innervation and purinergic receptor expression; 
and (3) to understand how these patterns interact to facilitate normal wound healing and 
how these interactions are disrupted in a diabetic model. 
Our approach was to use immunohistochemistry of dissected mouse and to 
visualize the tissue using confocal microscopy. Sensory innervation profiles from diet 
induced obesity (DIO) mouse corneas and their wildtype C57Bl6 counterparts were 
compared in unwounded and wounded tissue. To image the nerves a methanol fixation 
protocol was optimized to examine the sub-basal plexus and the apical nerves. Corneas 
were dissected, stained with beta III-tubulin, which identifies nerves, and with an 
antibody to the P2X7 purinergic receptor, which is expressed in the epithelium and 
nerves. Trephine induced epithelial abrasion injuries were made on separate DIO and 
control models to compare re-epithelialization and re-innervation between the diseased 
and healthy states. Corneas were imaged using a Zeiss LSM 700 laser scanning confocal 
microscope and optical images were taken through the cornea over a distance averaging 
115 microns. Corneas were imaged using a macro tiling plugin, stitching 3x3 optical z-
stacks into composite images. The 3x3 tiles were created to image the central whorl, as 
well as the peripheral nerve fibers. Co-localization of P2X7 and betaIII tubulin were 
determined by thresholding using ImageJ/FIJI software.  
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The elegant organization of the centralized sub-basal whorl of the control mouse 
was disrupted in the DIO mouse cornea, appearing fragmented and incomplete. Analysis 
of 7.5 and 15 wk corneas showed the whorl to be present at 7.5 wks. Average apical 
nerve fiber projection length was decreased in DIO cornea. Yet, analyses at each 
epithelial layer demonstrated overall increased apical nerve density in the DIO corneas as 
compared to control while sub-basal nerve density decreased dramatically. Stromal 
nerves remained equivalent. P2X7 did co-localize to the large stromal nerve fibers but it 
was difficult to show the localization along the sub-basal nerve plexus. However in cross-
section images, P2X7 displayed an intracellular polarity, and was present along the apical 
surface of the columnar basal epithelial cells lining the basement membrane. This 
localization may suggest the presence of P2X7 expressing sensory nerves, which may be 
ideally poised for communication with the basal cells after injury.  
These data support the hypothesis that there is indeed a difference between 
diabetic and control corneal innervation. While wound healing differences due to the 
interaction between sensory nerves and the localization of P2X7 in epithelium at the 
leading edge remain to be fully elucidated, the novel finding of P2X7 expression in 
corneal nerves confirms a potential role of purinergic receptor and nerve coordination in 
conducting the wound healing response.  
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INTRODUCTION 
 
Anatomy of the Cornea 
Corneal Neuroanatomy 
 Correct corneal nerve structure is crucial in maintaining a proper healthy ocular 
surface (He & Bazan, 2016). There has been increasing research focused on corneal 
nerve organization as these fibers are readily injured after refractive surgical procedures 
(He & Bazan, 2016) and in part due to the cornea’s protective role of more fragile 
internal ocular structures against harsh environmental conditions. The cornea itself is 
completely avascular, however is the most densely sensory innervated mammalian tissue 
(Müller et al., 2003). As such, the cornea responds rapidly and indiscriminately to 
external harmful stimuli (McKenna & Lwigale, 2011). These nerves facilitate the 
cornea’s response to injury, inducing blinking responses to such aggressors that lubricate 
the lacrimal gland allowing the secretion of neuropeptides that induce corneal epithelial 
cell mitosis (Baker et al., 1993; Weston et al., 1995).  
Layers of the Cornea 
The anterior cornea is composed of a non-keratinized, pseudostratified 
epithelium. At the surface, apical cells are covered by a mucus layer. Underneath are 
multiple wing cell layers guard the densely columnar basal epithelial layer that sits upon 
the basement membrane. Posterior to the basal lamina is the thick stroma, composed of 
type I and type V collagen lamellae and proteoglycans (Meek & Boot, 2004). The cornea 
refracts visible light onto the lens, through which light then concentrates on the retinal 
photoreceptors. The innate convex curvature of the cornea is maintained by hydration of 
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the cornea, underlying collagen fibrils, and its innate intraocular pressure (Trinkaus-
Randall, 1992). Corneal nerves traverse as thick branches in the stroma before bifurcating 
into smaller anterior nerve fibers. Through the release of neurotrophic factors as a co-
transmitter, such as glutamate, substance P, or ATP, these neurons influence protein-
signaling cascades that occur during a wound response (Burnstock et al., 1998; 
Kowtharapu et al., 2014; Lee et al., 2014). Glutamate binds to both metabotropic G-
protein coupled receptors as well as ionotropic class receptors such as N-methyl-D-
aspartate (NMDA) receptors. After injury to the epithelium, nucleotides are released at 
the wound site, which then bind to specific purinergic class receptors incepting the 
wound healing response.  
 
Wound Healing Response 
 Upon injury to the corneal epithelium, nucleotides such as ATP are released. 
Breakdown of ATP occurs by various enzymes, leading to different byproducts 
(Abbracchio et al., 2009). As such, ectonucleotidases control the lifespan of these 
molecules, thereby regulating ligand activity and receptor activation (Abbracchio et al., 
2009). Adenosine binds to purinoreceptor P1, a G-protein coupled receptor that has 
inhibitory functions around the body (Burnstock et al., 1998). ATP analogues bind to P2 
purinoreceptors (Burnstock et al. 1998). There are two families of purinergic receptors 
that are activated in response to injury. These families contain a number of distinct 
receptors, distinguished by their various agonists (Burnstock et al., 1998). The P2Y class 
receptors begin the ionotriphosphate pathway that releases intracellular calcium stores 
from the endoplasmic reticulum (Burnstock et al., 1998). The focus of this paper is the 
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P2X pathway, a class of ligand gated cation channels that allow circulating extracellular 
calcium into the cell. This facilitates a transient calcium wave that propagates back from 
the site of injury. Altering or inhibiting this response could inhibit proper cell migration, 
resulting in impaired vision and even blindness. Previous research has shown that 
purinergic receptor expression leads to local cellular communication that facilitates cell 
migration and wound healing (Minns 2015; Mayo 2009). This, however, is mediated by 
the presence of the NMDA receptors, that provide the conduit between neuronal 
signaling cascades, and the epithelial wound healing response (Oswald et al, 2012).  
 
Corneal Nerves  
Corneal nerves begin their journey to the ocular surface in the connective tissue of 
the limbus of the eye projecting from the ophthalmic branch of the trigeminal cranial 
nerve into the limbal/stromal interface (Marfurt et al., 2010). The ophthalmic branch 
radially innervates the cornea from four major tracks, which navigate the extraocular 
muscles of the episclera and corneal limbal interface where they further divide into thick 
stromal branches losing their perineurium and myelin sheaths (Müller et al., 2003). The 
lack of myelin contributes to the cornea’s transparency, maintaining its refractive 
capacity (Müller et al., 2003). Bifurcating into smaller branches, these nerves run parallel 
from the periphery before curving and converging at the center of the cornea. As they rise 
anteriorly, these stromal bundles branch into smaller stromal nerve tracks. Upon reaching 
the basal lamina of Bowman’s membrane, the smaller stromal nerves proliferate and 
organize into the characteristic sub-basal plexus (Marfurt et al., 2010). These bundles 
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then project perpendicularly towards the anterior-most layers of the cornea and the ocular 
surface, sandwiched between epithelial cells as delicate sensory nerve endings. The whorl 
pattern of nerves penetrating Bowman’s membrane begins to develop at three weeks after 
birth as the corneal epithelium begins to stratify (McKenna & Lwigale, 2011). As the 
mouse ages, this plexus becomes evermore beautifully organized and increasingly 
innervated.  
Work completed by Bazan et al. detail the intricate architecture of this plexus, and 
its nuanced development in murine models. Results showed that the number of central 
vortexes, and structure of the whorl differed between corneal organ cultures. This study 
also documented the diverse neuropeptide content of the epithelial nerves. After 
immunochemistry protocols, these nerves diversely stain positive for cholinergic, 
adrenergic, and peptidergic receptor types, suggesting a distribution of various sensory 
nerve types throughout the cornea (He & Bazan, 2016). C-fiber nerves project 
perpendicularly into the epithelium, while A-d nerve fibers traverse basolaterally between 
the epithelial cells. C-fibers are the smallest and most delicate, are unmyelinated and 
involved in the perception of temperature and nociception, and are involved in 
monitoring the blink reflex, lacrimal gland activation, and proper wound healing (Müller 
et al., 2003). 
 
Peripheral Neuropathy 
Recent research has characterized type II diabetes, diabetes mellitus (DM), as a 
global pandemic (Van et al., 2010). By 2025, it is estimated that 380 million people will 
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be diagnosed with this disease, catalyzed by increased sedentary activity and increased 
patient longevity (Van et al., 2010). According to the CDC, approximately 29.1 million 
people were diagnosed with diabetes, with 1.4 million people being newly diagnosed 
each year. Patients diagnosed with diabetes become more likely to suffer from other 
health complication. Cells damaged by diabetic hyperglycemia are those that cannot 
regulate and maintain glucose homeostasis (Brownlee 2005), including retinal capillary 
endothelial cells, renal mesangial cells, and Schwann cells in the peripheral nervous 
system (Brownlee 2005).  
Reports suggest half of these patients suffer from diabetic induced peripheral 
neuropathy. These are defined as neural degeneration or degradation as a result of disease 
or trauma, and are associated with a severe decrease in the patient’s quality of life. 
Though there are multiple acknowledged genres of these specific neuropathies, the most 
prevalent are distal symmetrical polyneuropathy and small fiber neuropathy (Palumbo et 
al., 1978). These mature from distal to proximal regions, and are nerve length-dependent 
(Landowski et al., 2016) The subsequent pain is horrid and difficult to treat, as it often 
does not respond to normal palliatives. Beyond pain, peripheral neuropathies can also 
cause allodynia and numbness (Brownlee 2005). A lack of proper innervation to a bodily 
region often unfortunately leads to amputation (Landowski et al., 2016). Though these 
symptoms range in their severity, increased fatalities secondary to falls, fractures, and 
ulceration are documented in patients suffering from peripheral neuropathic symptoms.  
The etiology and resulting pathology differs depending on the affected nerve type 
and clinical inductor. Neuropathic inception is thought to be sustained hyperglycemia, 
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also supplemented by insulin deficiency and dyslipidemia (Landowski et al., 2016). 
Ischemia induced by microangiopathy and thereby a deficiency in delivered neurotrophic 
factors and their receptor counterparts only compounds nerve loss, limiting the amount of 
nutrients and healing factors that are delivered to these peripheral regions (Yorek et al., 
2015; Cai et al., 2014). Alongside increased oxidative stress, or potential mitochondrial 
malfunctioning, progressive nerve fiber degeneration is complemented by a decrease in 
nerve regeneration, catalyzing the loss of sensation (Landowski et al., 2016). 
These peripheral sensory nerves are the genealogy primarily affected in 
neuropathies (Lockwood et al., 2005). Though epidermal sensory nerves are those 
primarily affected by peripheral neuropathy causes, because the cornea is completely 
avascular, yet a most densely innervated structure, it provides a good model to study the 
endogenous affects a particular disease or pathology has on the body’s internal 
environment (Misra et al., 2015). Many ocular and systemic diseases can attribute to the 
manifestation of neural degeneration. One such disease is DM, whose neuropathy is 
characterized as diabetic neurotrophic keratopathy (DNK) (Yu et. Al; Lockwood et al., 
2005).  
 
Hypoxia and Diabetes 
Coordination between the corneal nerves and epithelial cell layer is critical for 
correct wound healing, and structural integrity of the cornea (Oswald et al, 2012).  
Previous research has shown that in a diabetic state, the cornea is subjected to lower 
atmospheric oxygen content, hypoxia, which adversely affects the relationship between 
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corneal innervation and the anterior epithelium, thus impairing the corneal wound healing 
response (Onochie et al., 2015). The distance the transient calcium induced by receptor 
activation traveled was shown to decrease under hypoxic conditions (Lee et al., 2013). In 
this same study, hypoxia diminished epithelial signaling in response to added media from 
injured neurons, mimicking the neuronal response to injury (Lee et al., 2013).  
Sensory nerves intimately affect cell types present during wound healing such as 
macrophages, endothelial cells, and myofibroblasts (Misra et al., 2015; Tavakoli et al., 
2011). Studies have documented that these cells produce neurotrophic growth factor 
(NGF) that stimulates sensory nociception innervation of the wound site (Tavakoli et al., 
2011). Thus, correct communication between the sensory nerves in the cornea and 
receptor activation in corneal epithelial cells, is required for maintenance of healthy 
ocular architecture (Oswald et al., 2010; Oswald et al., 2012).  
 
Purinergic Expression and Nociception 
P2X family receptors have been discovered in sensory neurons. ATP has been 
proposed to be the principal neurotransmitter released from these kinds of neurons 
(Burnstock et al., 1996).  It has been attributed to stimulating excitatory neural responses 
(Abbracchio et al., 2009; Burnstock et al.,1996). P2X7 receptors have been found in the 
dorsal horn of the spinal cord, and in many pre-synaptic axon terminal boutons, in 
addition to the nervous system support cells like microglia and astrocytes (Andó & 
Sperlágh, 2013). In the peripheral nervous system, its presence in Schwann cells has been 
the focus of much research (Nobbio et al., 2009). Malfunctioning of neuronal purinergic 
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signaling can have hugely traumatic effects, contributing to epilepsy, psychiatric 
disorders, and drug addiction (Abbracchio et al., 2009). In a chronic hyperglycemic state 
such as in diabetes, it was shown that P2X7 more aggressively activated caspase 3, 
responsible for cell apoptosis, as well as interleukin-6, an inflammatory cytokine (Solini 
et al., 2000).  
Here, we focus on purinergic receptor roles in the pathology of pain. When 
healthy tissue is exposed to a noxious stimuli, specific receptor activation occurs that 
internalizes this stimuli, resulting in the perception of pain (Belmonte et al., 1996). A 
study conducted by Andó et al. found that neuropathic pain is relieved with inactivation 
of the P2X7 receptor (2013). Yet this contradicts its aforementioned increased role in 
stimulating the apoptitic and inflammatory signaling cascades. Belmonte et al. detail the 
increasingly variable responses of purinergic class receptors to harmful environmental 
stimuli, suggesting that some respond immediately, while others do not respond 
themselves, but synchronize how neighboring cells react (1996). Seemingly, purinergic 
receptor signaling and its effects on neuronal disruption as well as the wound healing 
response, are not well understood.  
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Specific Aims 
 Because of the immensely global effects of diabetic pathology, and the current 
confusion and lack of any comprehensive diabetic mechanism, this study aims to further 
identify molecular and cellular signaling events that are disrupted in a diabetic patient. 
Additionally, as purinergic cascades compose major non-synaptic chemical pathways 
regulating the internal homeostatic neural environment, we focus on this class of receptor 
to better elucidate a mechanism behind peripheral neuropathy and its associated 
attenuated wound healing seen in diabetes. Using a mouse model will allow any 
temporally dependent symptoms to be studied more easily. Corneal dissection, 
immunohistochemistry techniques, and confocal microscopy will facilitate analysis of 
neuronal and purinergic disruption due to type II diabetes.  
 The specific aims of this study are: 
1. To identify innervation profiles across the cornea in a model of type II 
diabetes. 
2. To determine purinergic receptor localization in corneal nerves. 
3. To further elucidate the relationship between purinergic receptor 
signaling and the corneal epithelial response to injury. 
In conducting this study, we hope to contribute to the already prevalent research 
analyzing molecular signaling cascades behind diabetes. Regardless of mechanism, 
diabetes is one of the most prevalent and debilitating disorders of present day. It is 
imperative that sufficient treatment be and rehabilitation programs be developed more 
broadly.  
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MATERIALS AND METHODS 
 
Tissue preparation 
C57BL/6J mice were obtained from Jackson Laboratory at 7.5, 15, and 22 wks of age 
(Bar Harbor, ME). Control mice were maintained on a 10 kcal% high fat diet, while type 
II pre-diabetic diet induced obesity (DIO) mice were administered 60 kcal% high fat 
chow. Prior to delivery, body weight, blood glucose, and glucose tolerance test 
measurements were obtained from Jackson laboratory. After mouse delivery, cages were 
transported to animal facility and allowed to acclimate as mRNA values differed between 
mice that were calm after resting, and those that were still stressed from the traveling. 
Mice were then euthanized and heads carefully obtained by Celeste Rich according to the 
Boston University School of Medicine IACUC protocol. A minimum of 3 corneas per 
time point were analyzed for wound healing, nerve density, and P2X7 localization at 7.5, 
15 and 22 weeks for each control and DIO condition.  
 
Wound Healing 
 Corneas used for time-course data were dissected as previously described, to 
determine rate of wound closure after abrasion injury in control and DIO mice. A 1.5-mm 
epithelial debridement wound was made, eyes enucleated and corneas dissected, leaving 
a thin scleral rim intact. Corneas were inverted, and the endothelial cavity filled with 
DMEM supplemented with .75% low agar. The agar cups were then flipped endothelial-
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side down into 35-mm2 6 well plates and covered in DMEM media containing 100 µ/ml 
penicillin, and 100 µg/ml streptomycin, added to just reach the scleral region.  
 Corneas were incubated as organ cultures in a 3D-environment at 37°C and 5% 
CO2. To measure wound size and determine wound healing curves, corneas were stained 
with 1% methylene blue in phosphate buffered saline (PBS) (pH 7.4) at indicated times 
after injury (Gordon MK et al., Lee et al., 2014, Minns et al., 2016). Corneas were 
imaged using iPhone 6 camera attached to a Zeiss dissection microscope (Zeiss, 
Thornwood, NY) using the SnapZoom Universal Digiscope Adaptor (Honolulu, HI). To 
do so, the AE/AF lock was enabled to restrict the autofocus function as the autofocus 
feature in the iPhone camera caused the scale to vary between images, and did not allow 
for optimal adjustment of focus on the wound leading edge. Focus and optimal image 
scale were obtained by manipulating the zoom and coarse focus on the microscope itself. 
Though these settings differed between dissection cohorts, they remained constant across 
all time points within that cohort and were recorded by imaging a metric ruler before and 
after each time point to bracket the corneal images obtained per each fixation period. 
Two images per cornea were obtained to capture the wound area from two different 
angles. Two independent investigators determined wound region and healing over time.   
 
Immunofluorescence and Methanol Fixation (Figure 1) 
 Immunofluorecent staining was performed as described previously (Lee et al 
2014; Kehasse, 2014). Corneas were fixed using filtered 4% paraformaldehyde for 75 
minutes. Tissues were further fixed using an optimized methanol fixation protocol 
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adapted from Stepp et. al (Personal communication with Dr. Trinkaus-Randall). Corneas 
were subjected to a Triton rehydration series, with increasing concentrations of Triton X-
100 in PBS. Corneas were washed with PBS before blocking with a freshly filtered 4% 
bovine serum albumin (BSA) solution for 2 hours. Identifying neuronal purinergic 
receptor expression required both direct and indirect immunohistochemistry protocols. To 
specifically identify corneal nerve structures, indirect immunohistochemistry with β-III 
tubulin was used. For these corneas, incubation primary antibody solution (1:200) 
occurred overnight at 4°C in a 96-well plate. Corneas were then washed in a PBS 
containing .02% Tween solution for 4 hours, before a second blocking incubation with 
4% BSA for an additional 2 hours at room temperature. Corneas were then incubated in 
secondary antibody (1:200). To determine the difference in innervation profiles between 
conditions and ages, corneas were stained with anti-β-III tubulin. To examine changes in 
purinergic receptor localization and expression after injury between the different ages and 
diets, corneas were also stained for P2X7. After administering the secondary specific for 
β-III tubulin, corneas were incubated in a directly conjugated P2X7-ATTO solution 
(1:100) overnight at 4°C. This allowed for co-localization of the purinergic receptor 
within corneal nerves. After staining, the corneal organ cultures were maintained in a 
DAPI/VectaSHIELD solution for long-term storage at 4°C (Vector Labs, Burlingame, 
CA).  
 
	13 
Confocal Microscopy 
 Organ cultures were assembled on a glass-bottomed dish for imaging. Due to the 
concave natural shape of the cornea, two butterfly slits were made to the scleral region of 
the cornea into the more central region. The resulting cornea contained three flaps that 
allowed it to lie more easily in a single plane, thus better facilitating a flatter en face 
image. Corneas were placed epithelium downward closest to the objective, and a glass 
coverslip was carefully placed on top to maximize a flat optical plane when imaging. 
This was necessary as our interest was defining innervation profiles across corneal 
architecture. Tiled images were taken on a Zeiss LSM 700 confocal microscope with a 
20x objective, 0.5 zoom. These were composed of 9 individual z-stacks stitched together 
with a FIJI plug-in. This allowed visualization of the majority of the cornea within a 
single image. Z-stack ranges were set to include the finest apical fibers descending 
posteriorly through the large stromal nerve bundles, averaging 115 slices, therefore 115 
individual images/stack. Optimal optical sections were determined using the automated 
function within Zen at 0.94nm, and this distance was maintained constant throughout all 
like images. The pinhole size was kept at 1 Airy Unit across all images.  
 Images obtained of the nerves that extended to the abrasion injury edge were 
acquired at the same confocal settings. Two, single Z-stack images were obtained to 
document different regions of the wound edge en face. The locations along the leading 
edge were selected based on student subjective preference of where the nerves appeared 
most clearly to project into the site of injury. As stated previously, the cornea is domed, 
and thus it is difficult to obtain an accurate representation of where individual nerves are 
	14 
physiologically in the z-plane of a cornea. Only regions where the nerves were visually 
most even and reached into the leading edge were selected for z-stack images. The 
sections were positioned in the image frame to partially include the abrasion injury, thus 
documenting the absence of the corneal nerves within the epithelium of the wound. The 
z-stack ranges were set using the AlexaFluor 488 channel identifying the nerves, in order 
to certainly include all minor apical nerve fibers and terminating into the more anterior 
stroma. Based on previous work, the stromal branching of the sensory nerves was shown 
to remain intact post-corneal abrasion injury. This experiment focused on elucidating 
diet-induced changes in the epithelial nerve responses to injury between the diabetic and 
control conditions. To eliminate bias during nerve population analysis, z-stack range was 
maintained constant across all corneal organ cultures of 47 slices, with an optical section 
size of 0.90nm. This ensured that equivalent distances were analyzed between conditions 
and across all ages.  
 Fluorescent images to examine localization of P2X7 at the wound leading edge 
were obtained in sagittal cross-section plane of view. Corneas used for these analyses 
were stained as individual wedges for P2X7, with the wedge point containing the corneal 
abrasion injury site. The wedges were propped laterally upright on a glass-bottomed dish, 
with the cross-section plane of view sitting directly flush with the bottom of the dish. The 
20x objective was positioned over the leading edge using the ocular viewfinders. The 
resulting image thus elucidated purinergic receptor localization and expression at the 
wound leading edge in the epithelium, the stroma, as well as the endothelium. Two 
regions along the leading edge of epithelium were included in each cross-section image, 
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to determine changes in localization of P2X7 at and behind the leading edge. One was the 
epithelium directly adjacent to the site of injury, the other further back from the leading 
edge. This allowed for analysis of purinergic receptor expression in the two regions. The 
range for the Z-stacks was set using the purinergic receptor channel, where the optimal 
cross-section image was set as the middle image, with two further images obtained on 
either side. Optical section size was determined using the automated programming the 
Zen software and kept consistent across all cross-section images.  
 Images documenting neuronal purinergic receptor expression used the same tiling 
macro tool aforementioned. Stitched tiles of 9-consecutive Z-stack images were obtained 
over 22 hrs to document the colocalization of β-III tubulin with purinergic receptor 
expression. Optical section distance was maintained across all corneal organ samples. 
 Within each experiment, image settings were reused to eliminate any changes in 
data by varying confocal settings. Thus any differences in protein expression could be 
attributed to innate physiological changes caused by the administration of the high fat 
diet.  
 Images were obtained using ZEN (Carl Zeiss) and analyzed further using 
FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/).  
 
Real-Time PCR 
 RNA was isolated from epithelium and stroma of mice from the 3 different ages 
and diets. Tissue was placed into ice-cold PBS, spun cells down at low speed to prevent 
lysing (~2,000 rpm), and the precipitate resuspended in RNA lysis buffer (Minns et al 
2016).  Cells were homogenized to ensure complete lysis with a Polytron homogenizer. 
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mRNA was isolated using the RNEasy spin column kit (Fisher Scientific, Pittsburgh, PA) 
and normalized concentrations were reverse transcribed, all as previously described (Lee, 
et al., 2014). Quantitative real-time PCR was carried out using verified Taqman probes 
(Life Technologies, Grand Island, NY) for target or 18S on an ABI 7300 thermal cycler. 
Relative expression was determined using the ΔΔCt method and 18S as a housekeeping 
gene, with ABI 7300 and Excel software (Microsoft, Redmond, WA). 
 
Image Analysis 
 Most analysis of images obtained via microscopy was performed using 
FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/). Wound sizes from iPhone 
images were quantified using FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/) 
by 2 independent scorers and analyzed with Microsoft Excel. Each wound was imaged 
twice, and the wound displayed in each image, measured twice. These measurements 
were averaged to accurately quantify the wound size over time and thereby wound 
closure rate. Wound size was expressed as area in mm2. Error bars are ± SEM. 
 Nerve density and morphology were calculated using the FIJI/ImageJ software 
program. Nerve density was measured using a thresholding feature, allowing for manual 
determination of background noise and artefactual staining, as compared to true nerve 
demarcation. The threshold was individual subjective, however was conserved 
throughout all optical sections and across all images. Individual nerve morphological 
characteristics, such as nerve tortuosity and thickness, were measured using the “straight 
line” feature scaled appropriately.  
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 Neuronal purinergic receptor expression was examined using a masking protocol 
within FIJI/Image J. Colocalization attempts were difficult due to the high signal to noise 
of P2X7, which is highly expressed in corneal epithelial cells. This made it difficult to 
distinguish between the delicate apical nerve fibers, and artefactual pixel noise. Any 
localization of this receptor within the small apical nerve endings that project into the 
epithelium, was saturated by the P2X7 epithelial expression. This made it challenging to 
define any epithelial nerve purinergic receptor expression. For these reasons, only the 
stromal corneal nerves were analyzed for this co-localization.  
 
Statistical Analysis 
 Values are mean plus and minus standard error of at least three independent 
experiments. Statistical significance was determined by unpaired, one-tailed Student’s t-
test unless otherwise indicated. 
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RESULTS 
 
 
Characterization of model 
The high fat diet had a remarkable effect on the hygiene, body weight, and 
glucose tolerance of the mice (Figure 2, adapted from Jackson Laboratory, Bar Harbor, 
ME). The mice fed a diet that causes a pre-type II diabetic condition had oily skin than 
their control counterparts (Figure 2A). According to animal facility staff, the mice were 
also lethargic and anti-social, retreating to the corners of their cages away from their 
cage-mates. These mice also had significantly greater body weights than those of the 
control mice for the same time point (Figure 2A). In both conditions body weight 
increased due to age and mouse development, however the body weight of the high fat 
mouse increased more rapidly and more dramatically than that of the mice on the normal 
10% kcal fat chow (Figure 2A).  
 The glucose tolerance test data were obtained by Jackson Laboratory prior to 
mouse shipment. At 8 weeks of age, the administration of the high fat diet caused 
increased blood glucose levels in these mice, suggesting an impaired ability to metabolize 
glucose (Figure 2B). At both 30 and 60 minutes post-glucose administration, there was a 
significant difference in glucose tolerance between the control and diabetic mice, 
however more distant from glucose administration, this difference is diminished (Figure 
2B). However, administration of a glucose tolerance test to mice 26 wks of age that have 
been on the diet longer, show a significant and increasing diminution of the diabetic 
mouse’s capacity to process glucose. This confirms the ability of the diet induced obesity 
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model to simulate a pre-type II diabetic condition, where glucose digestion is impaired 
(Brownlee et al., 2005). 
 Prior to imaging of the diabetic and control corneas, the methanol fixation 
protocol and post-shaping of the cornea was optimized for staining corneal nerves with 
an antibody to b-III tubulin (Figure 1). Various fixation time periods and percent PFA 
were evaluated and we found that a 75 minute incubation of 4% PFA was most effective. 
After additional trials we found that cutting the whole mount cornea flat with 5 butterfly 
slits and then dropping a single drop of 4% PFA on the organ culture provided the best 
overall nerve images (Figure 3A) .  
  After confocal imaging through the entire epithelium and anterior-mid stroma, 
nerve profiles across the cornea were established by making a 3-D image. When the 
individual optical images were followed through the cornea the fine apical epithelial 
nerve endings appeared as short segments (Figure 3B). Descending through the cornea, 
through the epithelium, approaching the basement membrane, the sub-basal plexus 
appeared as a dense meshwork and formed what is typically called a whorl when the 
images were compiled to form a 3D-image (Figure 23B, Figure 5). The beautiful 
organization of a central whorl was maintained across all control corneas (Figure 3B). 
There was variability in whether or not the whorl was centered or whether there were 
multiple whorls; however, all appeared to have a density in the sub-basal region that 
resulted in this structure. In contrast the stromal nerve fibers were thicker and contained a 
between 3 and 5 axons (Figure 3, Figure 5). There were a smaller number of the nerve 
fibers than arose from stromal branches (Figure 3, Figure 5). The stromal branches enter 
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the cornea in the limbal scleral interface, and are denser in this region. They then weave 
through the keratocytes of the stroma before projecting anteriorly to form the dense sub-
basal whorl.  
 
Innervation in DIO Mice 
The sub-basal whorl was not detected in the corneas from mice fed high fat diets. 
When images were taken from the apical to sub-basal face and collapsed to form a 3-D 
image, fragmentation was detected as early as 7.5 wks of age (Figure 4). The nerve 
truncation and disruption became more noticeable in corneas dissected from 15 wk old 
mice (Figure 4). Rather than the continuous nerve bundles that suggest intact signaling 
pathways, these nerves that should form the whorl are shorter and broken in the diabetic 
corneas.  
 To understand how corneal nerves influence the epithelial response to injury, 
analysis of nerve density was conducted two hours after an epithelial abrasion injury. In 
the 15 wk control corneas, the nerves that would have formed the sub-basal plexus 
terminated at the wound leading edge. In contrast, nerves in the diabetic cornea were 
thinner and smaller in number as compared to their control counter parts (Figure 7A). 
 Density analyses were performed in order to quantify how the nerve profiles are 
disrupted in response to injury between the control and diabetic conditions. As described 
previously, the series of optical sections were divided into groups of 3 and the cumulative 
nerve density between the 3 images graphed. A minimum of 3 corneas were imaged per 
condition per time point. In the 15 wk old control mice corneas, there was an increase in 
nerve density from apical epithelium to stromal sections (Figure 7B).  
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In comparison, in the experimental diabetic condition, there appeared to be a 
different trend with increased apical epithelial nerve density and decreased basal 
epithelial nerve density (Figure 7B). The increase in apical density may be a reflection of 
the analytical tools as the degraded ends appear star-like in shape and may create a higher 
density. Additional studies using the 3-D program Amira are being conducted to further 
elucidate these differences without the limitations of the present software program. In the 
stroma of these corneas, there was another surprising result. The diabetic model corneas 
displayed an increased stromal nerve density (Figure 7B). These results may indicate that 
the degradation seen apically may signal for regeneration of stromal nerves. This will be 
analyzed further. We are also examining whether the distribution of stromal nerves may 
have an altered purinergic receptor expression pattern. 
 
Expression of P2X7 in the cornea 
Corneal Nerves 
Because previous work has shown P2X7 to be expressed in corneal epithelium 
and its inhibition to alter the epithelial wound healing response, we examined its 
localization in stromal nerve branches (Figure 6). There was no difference found between 
the 7.5 wk and 15 wk control corneas in P2X7 positive nerve expression (Figure 6B). 
However, comparison of the control corneas to those of the experimental mice showed 
there was a difference between the corneas of these two age groups in the diabetic 
condition. As described in Figure 7, there was an increase in the overall stromal nerve 
density. Interestingly, we observed a decrease in the P2X7 positive expressing nerves in 
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this cohort (Figure 6). This suggests that the corneas of the diabetic mice on the high fat 
diet have altered expression profiles with time on the diet, and thereby may reflect 
changes in pain threshold due to P2X7’s role as a pain receptor.  
Corneal Epithelium 
P2X7 was shown to be expressed in rat corneal epithelium by a postdoctoral 
fellow in the lab (Minns et al 2016). We repeated these experiments on mice so that we 
could compare P2X7 localization before and after epithelial injury in the control and 
experimental groups. In the control unwounded mouse corneas, the P2X7 localization 
was similar with expression along plasma membrane. Localization was predominantly 
basal and many images captured dense P2X7 localization in the apical region of the basal 
nuclei (Figure 8).  
 Along the wound margin, P2X7 expression in diabetic mice were reminiscent of 
oxidized ATP data previously obtained by lab members. In the experimental condition, 
images of the cornea in cross-section showed P2X7 expressed equally at the leading 
edge, as well as further back from the leading edge (Figure 8B). Corneas incubated in 
oxidized ATP, a P2X7 inhibitor, showed inhibition of P2X7 relocation towards the 
leading edge, yielding similar images to those seen in diabetic mice. In the control 
condition corneas, P2X7 expression was concentrated at the wound leading edge, with 
back from the leading edge expression resembling that of an unwounded corneal 
epithelium (Figure 8A).  
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Wound repair  
 Time course experiments documenting wound repair rate showed no difference 
between the diabetic and control conditions across all three mouse ages (Figure 9). 
Morphology of the leading edge of the diabetic and control corneas varied greatly. In 
cross-section, both edges projected into the site of injury, illustrating the cell migration 
movement to close the wound (Figure 8B).   
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DISCUSSION 
 
   
 
This purpose of this study was to determine relationship details between the 
epithelial wound healing response and the peripheral neuropathy that are 
characteristically seen in type II diabetes. As expected, the diet caused these mice to have 
an increased body weight, as compared to those receiving the normal chow. Evidence 
suggests that this is due to the inability of the body to maintain a homeostatic internal 
glucose environment (Brownlee et al., 2005). Secondarily to this, the diabetic subject 
experiences phenotypic changes, lethargic behavior and the like, further promoting the 
increase in body weight.  
As previously documented, the corneal samples from the pre-diabetic mouse 
model displayed an intricate corneal nerve plexus, located immediately posterior to the 
most basal epithelial cell layer. However between every cornea, the architecture of this 
meshwork differed. Results across diet condition and mouse age varied remarkably 
throughout the course of all of the experiments. While this initially was cause for 
concern, it duly represents the dramatic variety that exists in the diabetic disease. Most 
basically, phenotypic presentation of the disease has an incredibly broad range. For 
example, cardiovascular health is not necessarily co-morbid with diabetes. Careful 
management and behavioral adjustments are readily able to combat the potentially 
harmful effects of diabetes. As it relates to our experiment, a future experiment could 
focus on rescuing a diabetic subject, through re-establishing a normal chow diet, or 
mandatory exercise activities. It would be interesting to measure blood glucose prior to 
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and immediately post these activities, as well as how corneal nerves respond to these 
changes.  
 In isolating corneal innervation, we found that in the diabetic corneas, it corneal 
nerves appeared disorganized in the apical epithelium as well as in the sub-basal plexus. 
The once continuous nerve fibers appeared short and truncated as shown in Figure 3 and 
Figure 4. This could be due to a degradation of the nerves from hyperglycemia. We 
expected to see this degradation reflected when quantified. However, in the graph of 
Figure 6B, we actually see the opposite in the apical epithelial layer where there appears 
to be an increase in the density of nerve endings. Perhaps here the cornea becomes more 
sensitive, causing the mouse to scratch at the cornea, thereby breaking the nerves, while 
simultaneously stimulating more nerve projections into this layer as a repair mechanism. 
Oppositely, the increased density as a result of the quantification of Figure 6A images 
does not necessarily suggest greater sensation. Further analysis must be conducted to 
parse out this disparity.  
 Figure 6B also illustrates the expected decrease in sub-basal nerve plexus density 
in the diabetic corneas. Again, the disconnect between this trend and the aforementioned 
increase in apical nerve density is prominent.   
 
Future Directions 
 Using a mouse model, it is also difficult to assess at what level the peripheral 
sensitivity is changing with the administration of a high calorie diet. Other research has 
studied corneal sensitivity, however they lack the confocal imaging as was done here. 
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Combining these two protocols could further elucidate how diabetes is affecting the 
corneal nerve architecture.  
 Collected confocal images contain a plethora of data. Expanding quantification 
would be beneficial. Measurements of nerve tortuosity, length, diameter, may help define 
corneal nerve disruption from the hyperglycemic internal environment. 
 What remains elusive is the mechanism between neuronal P2X7 on the wound 
healing response. Though we have identified its presence in the corneal stromal nerves, 
any receptor concentration in the sub-basal or apical epithelial nerves has yet to be 
clarified. To do this, a dual-staining protocol must be optimized in order to define its 
localization in these nerves. Present work is using directly conjugated purinergic receptor 
antibodies to eliminate any extra background signal that distorts the image. However, 
therein any amplification of the signal is deleted. Thus these experiments will require 
higher antibody concentrations.  
 Another interesting study could focus on different purinergic receptors known to 
exist in the cornea, such as P2X2 or P2X3. P2X3 is a purinergic class receptor like P2X7 
and has been implicated in painful responses and inflammation (Mo et al., 2009). A study 
by Mo et al., focused on phosphoinositol signaling pathways as a mechanism behind 
nociception (2009). Similarly manipulating these signaling cascades by inhibiting various 
downstream proteins may give insight into molecular malfunctioning in the diabetes 
pathology. Differential localization between these two family members may help 
characterize their specific roles in pain perception and the response to a painful injury.   
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Other research has used in vivo confocal microscopy to assess diabetic induced 
corneal neuropathy in human patients. Ultimately, research on mouse models hopes to 
yield therapeutic solutions for human ailments. Graduating eventually to mapping neural 
purinergic localization in human corneas will better facilitate this subject towards 
translational research.   
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Figure 1. Optimized methanol fixation protocol. Methanol fixation protocol was 
optimized to a four-day procedure yielding beautiful results from P2X7 and b-III tubulin 
antibodies. Original obtained from Dr. Stepp et al., modified and published with 
permission. Further optimization may be necessary for antibodies not used in this 
document.  	
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Figure 2. High fat diet alters weight gain, physical appearance, and glucose 
tolerance of pre-diabetic mice. The red line represents the 60%kcal high fat diet 
administered to the diabetic induced obesity mice, and the blue line represents the 10% 
kcal fat normal chow diet administered to the control mice. A. The x-axis is age in weeks, 
the y-axis is body weight measured in grams. The three green arrows signify the 3 
different ages of the mice used in this paper’s experiments. The insert displays the severe 
lack of hygiene of the diabetic mice. B. The x-axis represents time post-glucose 
administration as measured in minutes, the y-axis represents the blood glucose levels in 
mg/dL. These measurements were obtained on 26 wk old mice.  
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Figure 3. Corneal nerves form dense innervation plexus at sub-basal epithelium. A. 
Butterfly slit protocol. B. En face image isolating the sub-basal plexus in 15 wk control 
cornea. Cornea stained with β-III tubulin specific for nerves. Image is composed of 9 
separate z-stack images stitched together with the FIJI/ImageJ software program, then 
compresed into a single z-plane image. Image obtained using a 20x objective at .5 zoom 
with Zen on a confocal microscope. Scale bar = 250µm 
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Figure 4. Nerve plexus is fragmented as early as 7.5 weeks of age. Left column are 
control corneas, right column are diet induced obesity model corneas. Top row are 
corneas obtained from 7.5 week old mice, and bottom row are 15 week corneas. Scale bar 
= 250µm 
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Figure 5. Corneal nerves differ in individual cell morphology and architecture in 
different layers of the cornea. Left column is control cornea, right column is diabetic 
cornea. Top row is compressed 25 optical sections isolating the apical epithelium. Middle 
row is 25 optical sections compressed to isolate the sub-basal corneal nerve plexus. 
Bottom row is 50 optical sections compressed to display the large stromal nerve 
branches. Scale bar = 250 µm.   
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Figure 6. High calorie diet decreases the amount of P2X7 positive nerves in the 
corneal stroma. A. The left box represents the control condition, while the right box 
represents the DIO condition. The green illustrates the masking protocol results showing 
the P2X7 positive nerves in the stroma. Scale bar = 250µm B. The x-axis represents the 
age and condition of the cornea, the y-axis represents the P2X7 concentration as a 
function of image intensity. Notice the lack of difference between the control ages, and 
the distinct decrease in P2X7 postive nerves in the 15 wk DIO cornea, as compared to its 
control counterpart.   
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Figure 7. Corneal abrasion injury affects epithelial nerves and sub-basal corneal 
nerve plexus. A. Corneal abrasion injury was administered to 15 wk old control and 
experimental mice. Red line indicates leading edge of wound. DAPI is nuclear staining, 
green represents the beta-III tubulin stained nerves. Scale bar = 250 µm. B. Graph of A 
illustrating nerve density across the cornea as a function of image intensity. Bars are 
mean ± standard error.   
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Figure 8. P2X7 expression in the corneal epithelium. Images presented in cross-
section. Green represents P2X7 expression. A. Unwounded corneal epithelium of 15 wk 
mouse. Notice the apical-basal polarity in receptor expression in the basal layer of 
epithelial cells. B. P2X7 receptor expression in wounded control and diabetic corneas 
across all age ranges. Left column is control corneas, right column is DIO. Leading edge 
highlighted by the white arrow in each image. 
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Figure 9. Wound healing of 7.5, 15, 22 wk old control and DIO mice. Top image is 
organ culture with corneal abrasion injury demarcated by red dotted line. Red line in 
graph portrays control data, blue line are DIO data points. Top graph is 7.5 wks, middle 
graph is 15 wks, and lowest graph is 22 wks of age.   
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